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According to one embodiment, liquid crystal optical appara-
tus includes a first substrate unit, a second substrate unit, and
a liquid crystal layer. The first substrate unit includes a first
substrate, first electrodes extending in a first direction, a first
sub electrode, and a second sub electrode. The second sub-
strate unit includes a second substrate and an opposing elec-
trode. The liquid crystal layer is provided between the first
and second substrate units and. The first substrate unit includ-
ing at least one selected from: a first distance between the one
electrode of the first electrodes and the first sub electrode
longer than a second distance between the other electrode of
the first electrodes and the second sub electrode; and a first
width of the first sub electrode narrower than a second width
of the second sub electrode.
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LIQUID CRYSTAL OPTICAL APPARATUS
AND IMAGE DISPLAY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2012-
064581, filed on Mar. 21, 2012; the entire contents of which
are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a liquid
crystal optical apparatus and an image display device.

BACKGROUND

A liquid crystal optical apparatus is known that utilizes the
birefringence of liquid crystal molecules to change the distri-
bution of the refractive index according to the application of
a voltage. There is a stereoscopic image display device that
combines such a liquid crystal optical apparatus with an
image display unit.

Such a stereoscopic image display device switches
between a state in which an image displayed on the image
display unit is caused to be incident on the eye of a human
viewer as displayed on the image display unit and a state in
which the image displayed on the image display unit is caused
to be incident on the eye of the human viewer as multiple
parallax images by changing the distribution of the refractive
index of the liquid crystal optical apparatus. Thereby, a two-
dimensional display operation and a three-dimensional
image display operation are realized. Also, technology is
known that modifies the path of the light by utilizing the
optical principle of a Fresnel zone plate. High display quality
is desirable for such display devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a first embodiment;

FIG. 2 is a schematic cross-sectional view illustrating the
state ofuse of the liquid crystal optical apparatus according to
the first embodiment;

FIG. 3 is a schematic view illustrating characteristics of the
liquid crystal optical apparatus according to the first embodi-
ment;

FIG. 4 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the first embodiment;

FIG. 5 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the first embodiment;

FIG. 6 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the first embodiment;

FIG. 7 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a second embodiment;

FIG. 8 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a third embodiment;

FIG. 9 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the third embodiment;
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FIG. 10 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a fourth embodiment; and

FIG. 11 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a fifth embodiment.

DETAILED DESCRIPTION

According to one embodiment, a liquid crystal optical
apparatus includes a first substrate unit, a second substrate
unit, and a liquid crystal layer. The first substrate unit includes
a first substrate having a first major surface, a plurality of first
electrodes provided on the first major surface to extend in a
first direction, the first electrodes being arranged in a direc-
tion intersecting the first direction, a first sub electrode, and a
second sub electrode. The first sub electrode is provided on
the first major surface to extend in the first direction in a first
region between a central axis and one electrode of most
proximal first electrodes when projected onto a plane parallel
to the first major surface. The central axis is parallel to the first
direction to pass through a midpoint of a line segment con-
necting a center of the one electrode and a center of the other
electrode of the most proximal first electrodes along a second
direction. The second direction is parallel to the plane and
perpendicular to the first direction. The second sub electrode
is provided on the first major surface to extend in the first
direction in a second region between the central axis and the
other electrode when projected onto the plane. The second
substrate unit includes a second substrate having a second
major surface opposing the first major surface, and an oppos-
ing electrode provided on the second major surface. The
liquid crystal layer is provided between the first substrate unit
and the second substrate unit. The liquid crystal layer has a
pretiltincluding a director of a liquid crystal oriented from the
first substrate unit toward the second substrate unit along the
second direction from the one electrode toward the other
electrode. The first substrate unit including at least one
selected from: a first distance along the second direction
between the one electrode and the first sub electrode being
longer than a second distance along the second direction
between the other electrode and the second sub electrode; and
a first width of the first sub electrode along the second direc-
tion being narrower than a second width of the second sub
electrode along the second direction.

Embodiments of the invention will now be described with
reference to the drawings.

The drawings are schematic or conceptual; and the rela-
tionships between the thicknesses and the widths of portions,
the proportions of sizes between portions, etc., are not nec-
essarily the same as the actual values thereof. Further, the
dimensions and/or the proportions may be illustrated difter-
ently between the drawings, even for identical portions.

In the drawings and the specification of the application,
components similar to those described in regard to a drawing
thereinabove are marked with like reference numerals, and a
detailed description is omitted as appropriate.

First Embodiment

FIG. 1 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a first embodiment.

As illustrated in FIG. 1, the liquid crystal optical apparatus
111 according to this embodiment includes a first substrate
unit 10x, a second substrate unit 20w, and a liquid crystal layer
30.
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The first substrate unit 10« includes a first substrate 10,
multiple first electrodes 11, and multiple second electrodes
12. In this example, at least a first sub electrode 124 and a
second sub electrode 124 are provided as the second elec-
trodes 12.

The first substrate 10 has a first major surface 10a. The
multiple first electrodes 11 are provided on the first major
surface 10a. Each of the multiple first electrodes 11 extends in
a first direction. The multiple first electrodes 11 are arranged
in a direction intersecting the first direction.

The first direction is taken as a Y-axis direction. A direction
parallel to the major surface 10a and perpendicular to the
Y-axis direction is taken as an X-axis direction. A direction
perpendicular to the X-axis direction and the Y-axis direction
is taken as a Z-axis direction.

For example, the multiple first electrodes 11 are arranged
along the X-axis direction.

FIG. 1 illustrates three of the multiple first electrodes 11.
The number of the multiple first electrodes 11 is arbitrary.

Two most proximal first electrodes 11 of the multiple first
electrodes 11 will now be focused upon. One electrode of the
two most proximal first electrodes 11 is taken as a first main
electrode 11a. The other electrode of the two most proximal
first electrodes 11 is taken as a second main electrode 115.

A central axis 59 is between the most proximal first elec-
trodes 11 (e.g., the first main electrode 11a and the second
main electrode 115). The central axis 59 is parallel to the
Y-axis direction to pass through the midpoint of a line seg-
ment connecting an X-axis direction center 11aC of the first
main electrode 11a to an X-axis direction center 115C of the
second main electrode 115 when projected onto the X-Y
plane (a plane parallel to the first major surface 10a).

The region of the first major surface 10a between the
central axis 59 and the first main electrode 11a which is the
one electrode of the two most proximal first electrodes 11 is
taken as a first region R1. The region of the first major surface
104 between the central axis 59 and the second main electrode
115 which is the other electrode ofthe two most proximal first
electrodes 11 is taken as a second region R2. The direction
from the first main electrode 11a toward the second main
electrode 115 is taken as the +X direction (a second direc-
tion). The direction from the second main electrode 114
toward the first main electrode 11a corresponds to the -X
direction.

The first sub electrode 12a of the multiple second elec-
trodes 12 is provided on the first major surface 10a to extend
in the Y-axis direction in the first region R1.

The second sub electrode 125 of the multiple second elec-
trodes 12 is provided on the first major surface 10a to extend
in the Y-axis direction in the second region R2.

The second substrate unit 20 includes a second substrate
20 and an opposing electrode 21. The second substrate 20 has
a second major surface 20a opposing the first major surface
10a. The opposing electrode 21 is provided on the second
major surface 20a.

In the specification, the state of being opposed includes not
only the state of directly facing each other but also the state of
facing each other with another component inserted therebe-
tween.

The liquid crystal layer 30 is provided between the first
substrate unit 10# and the second substrate unit 20u. The
liquid crystal layer 30 has a pretilt. In this pretilt, a director
304 ofthe liquid crystal is oriented from the first substrate unit
10u toward the second substrate unit 20« along the +X direc-
tion from the first main electrode 11a toward the second main
electrode 115.
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In this embodiment, the distance (a first distance d11)
along the +X direction between the first main electrode 11a
and the first sub electrode 12a is longer than the distance (a
second distance d12) along the +X direction between the
second main electrode 115 and the second sub electrode 125.
As described below, the width (a first width w11) of the first
sub electrode 12a along the +X direction may be narrower
than the width (a second width w12) of the second sub elec-
trode 124 along the +X direction.

In other words, the first substrate unit 10« includes at least
one selected from the second distance d12 being shorter than
the first distance d11 and the second width w12 being wider
than the first width w11.

In other words, in the embodiment, asymmetry is intro-
duced for the widths or the disposition of the electrodes.
Thereby, as described below, disorder of the alignment of the
liquid crystal can be suppressed; and a liquid crystal optical
apparatus that provides a high-quality display is obtained.

The first substrate 10, the first electrodes 11 (e.g., the first
main electrode 114, the second main electrode 115, etc.), the
second electrodes 12 (e.g., the first sub electrode 124, the
second sub electrode 125, etc.), the second substrate 20, and
the opposing electrode 21 are transmissive with respect to
light. Specifically, these components are transparent.

The first substrate 10 and the second substrate 20 may
include, for example, a transparent material such as glass, a
resin, etc. The first substrate 10 and the second substrate 20
have plate configurations or sheet configurations. The thick-
nesses of the first substrate 10 and the second substrate 20 are,
for example, not less than 50 micrometers (um) and not more
than 2000 pm. However, the thicknesses are arbitrary.

The first electrodes 11, the second electrodes 12, and the
opposing electrode 21 include, for example, an oxide includ-
ing at least one (one type) of element selected from the group
consisting of In, Sn, Zn, and Ti. These electrodes may
include, for example, ITO. For example, at least one selected
from In,O; and SnO; may be used. The thicknesses of these
electrodes are, for example, about 200 nanometers (nm) (e.g.,
not less than 100 nm and not more than 350 nm). For example,
the thicknesses of the electrodes are set to be thicknesses to
obtain a high transmittance with respect to visible light.

The disposition pitch of the first electrodes 11 (the distance
between the X-axis direction centers of the most proximal
first electrodes 11) is, for example, not less than 10 um and not
more than 1000 um. The disposition pitch is set to meet the
desired specifications (the characteristics of the gradient
index lens described below).

For example, the length (the width) of the first electrode 11
along the X-axis direction is not less than 5 um and not more
than 300 um.

For example, the length (the width) of the second electrode
12 along the X-axis direction is not less than 5 um and not
more than 300 pm.

The liquid crystal layer 30 includes a liquid crystal mate-
rial. The liquid crystal material includes a nematic liquid
crystal (having a nematic phase at the temperature of use of
the liquid crystal optical apparatus 111). The liquid crystal
material has a positive dielectric anisotropy or a negative
dielectric anisotropy. In the case of the positive dielectric
anisotropy, the initial alignment of the liquid crystal of the
liquid crystal layer 30 (the alignment when a voltage is not
applied to the liquid crystal layer 30) is, for example, a hori-
zontal alignment. In the case of the negative dielectric anisot-
ropy, the initial alignment of the liquid crystal of the liquid
crystal layer 30 is a vertical alignment.

In the embodiment, the alignment of the liquid crystal of
the liquid crystal layer 30 has a pretilt. The pretilt angle is the
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angle between the X-Y plane and the director 304 of the liquid
crystal (the long-axis direction axis of the liquid crystal mol-
ecules). In the case of the horizontal alignment, the pretilt
angle is, for example, greater than 0° and less than 45°. In the
vertical alignment, the pretilt angle is, for example, greater
than 45° and less than 90°.

For convenience in the specification, the horizontal align-
ment refers to the case where the pretilt angle is less than 45°;
and the vertical alignment refers to the case where the pretilt
angle exceeds 45°.

For example, the direction of the pretilt can be determined
by a crystal rotation method, etc. Also, the direction of the
pretilt can be determined by changing the alignment of the
liquid crystal by applying a voltage to the liquid crystal layer
30 and observing the optical characteristics of the liquid
crystal layer 30 during this change.

In the case where alignment processing of the first sub-
strate unit 10« is performed by, for example, rubbing, etc., the
rubbing direction is along the +X direction.

The axis of the director 304 may be parallel to the +X
direction or non-parallel to the +X direction when the director
304 of the liquid crystal is projected onto the X-Y plane. The
direction ofthe pretilthas a +X direction component when the
direction of the pretilt is projected onto the X axis.

The orientation direction of the liquid crystal layer 30
proximal to the second substrate unit 20u is antiparallel to the
orientation direction of the liquid crystal layer 30 proximal to
the first substrate unit 10«. In other words, the initial align-
ment is not a splay alignment.

The first substrate unit 10« may further include an align-
ment film (not illustrated). The first electrodes 11 and the
second electrodes 12 are disposed between the first substrate
10 and the alignment film of the first substrate unit 10«. The
second substrate unit 20u may further include an alignment
film (not illustrated). The opposing electrode 21 is disposed
between the second substrate 20 and the alignment film of the
second substrate unit 20u. These alignment films may
include, for example, polyimide. The initial alignment of the
liquid crystal layer 30 is obtained by, for example, performing
rubbing of the alignment film. The direction of the rubbing of
the first substrate unit 10« is antiparallel to the rubbing direc-
tion of the second substrate unit 20u. The initial alignment
may be obtained by performing light irradiation of the align-
ment film.

The case will now be described where the dielectric anisot-
ropy of the liquid crystal included in the liquid crystal layer 30
is positive and the initial alignment is the horizontal align-
ment.

The liquid crystal alignment of the liquid crystal layer 30 is
changed by applying voltages between the opposing elec-
trode 21 and the first electrodes 11 and between the opposing
electrode 21 and the second electrodes 12. A refractive index
distribution is formed in the liquid crystal layer 30 according
to this change; and the travel direction of the light that is
incident on the liquid crystal optical apparatus 111 is changed
by the refractive index distribution. The change of the travel
direction of the light is mainly based on the refraction effect.

FIG. 2 is a schematic cross-sectional view illustrating the
state ofuse of the liquid crystal optical apparatus according to
the first embodiment.

As illustrated in FIG. 2, the liquid crystal optical apparatus
111 is used with an image display unit 80. An image display
device 211 according to the embodiment includes the image
display unit 80 and any of the liquid crystal optical appara-
tuses according to the embodiments (in this example, the
liquid crystal optical apparatus 111). Any display device may
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be used as the image display unit 80. For example, a liquid
crystal display device, an organic EL display device, a plasma
display, etc., may be used.

The image display unit 80 includes a display unit 86. The
display unit 86 is stacked with the liquid crystal optical appa-
ratus 111. The display unit 86 causes light including image
information to be incident on the liquid crystal layer 30. The
image display unit 80 may further include a display control
unit 87 that controls the display unit 86. The display unit 86
produces light that is modulated based on the signal supplied
from the display control unit 87 to the display unit 86. For
example, the display unit 86 emits light that includes multiple
parallax images. As described below, the liquid crystal optical
apparatus 111 has an operating state in which the optical path
is modified, and an operating state in which the optical path is
substantially not modified. For example, the image display
device 211 provides a three-dimensional display by the light
being incident on the liquid crystal optical apparatus 111 in
the operating state in which the optical path is modified. For
example, the image display device 211 provides a two-dimen-
sional image display in the operating state in which the optical
path is substantially not modified.

As illustrated in FIG. 2, the liquid crystal optical apparatus
111 may further include a control unit 77. The control unit 77
may be connected to the display control unit 87 by a wired or
wireless method (an electrical method, an optical method,
etc.). The image display device 211 may further include a
control unit (not illustrated) that controls the control unit 77
and the display control unit 87.

The control unit 77 is electrically connected to the first
electrodes 11, the second electrodes 12, and the opposing
electrode 21. Although the interconnect between the control
unit 77 and the first electrodes 11 and the interconnect
between the control unit 77 and the opposing electrode 21 are
illustrated in FIG. 3, the interconnect between the control unit
77 and the second electrodes 12 is omitted for easier viewing.
The control unit 77 applies a first voltage between the oppos-
ing electrode 21 and the first electrodes 11 and a second
voltage between the opposing electrode 21 and the second
electrodes 12.

For convenience in the specification, the state in which the
potential is the same (is zero volts) between two electrodes
also is taken to be included in the state in which the voltage is
applied.

The first voltage and the second voltage may be direct-
current voltages or alternating current voltages. For example,
the polarities of the first voltage and the second voltage may
change periodically. For example, the potential of the oppos-
ing electrode 21 may be fixed; and the potential of the first
electrodes 11 may be changed as alternating current. The
polarity of the potential of the opposing electrode 21 may
change periodically; and the potential of the first electrodes
11 may be changed in conjunction with the change of the
polarity of the potential of the opposing electrode 21 but with
an opposite polarity. In other words, common inversion driv-
ing may be performed. Thereby, the power supply voltage of
the drive circuit can be reduced; and the breakdown voltage
specifications of the drive IC are relaxed.

Inthe case where the pretilt angle of the liquid crystal layer
30 is relatively small (e.g., not more than 10 degrees), a
threshold voltage Vth relating to the change of the liquid
crystal alignment of the liquid crystal layer 30 is relatively
distinct. In such a case, for example, the first voltage and the
second voltage are set to be greater than the threshold voltage
Vith. The liquid crystal alignment of the liquid crystal layer 30
is changed by the application of the voltages.
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An alignment in which the tilt angle of the liquid crystal is
large (e.g., the vertical alignment) is formed in the liquid
crystal layer 30 of the regions where the first voltage and the
second voltage are applied. The effective refractive index of
this region approaches the refractive index (n,) with respect to
ordinary light.

On the other hand, a voltage is not applied along the Z-axis
direction in the region between the first main electrode 11a
and the first sub electrode 124, the region between the first sub
electrode 12a and the second sub electrode 125, and the
region between the second sub electrode 125 and the second
main electrode 115. The initial alignment (e.g., the horizontal
alignment) or an alignment that is near the initial alignment is
formed in these regions. The refractive index of these regions
with respect to the light that vibrates in the X-axis direction
approaches the refractive index (n,) with respect to extraor-
dinary light. Thereby, a refractive index distribution 31 is
formed in the liquid crystal layer 30.

In the refractive index distribution 31, for example, the
change of the refractive index is not less than about 20% and
not more than about 80% of the difference between the refrac-
tive index with respect to extraordinary light and the refrac-
tive index with respect to ordinary light.

For example, the refractive index distribution 31 has a
configuration corresponding to the distribution of the thick-
ness of a Fresnel lens. The liquid crystal optical apparatus 111
functions as a liquid crystal GRIN lens (Gradient Index lens)
in which the refractive index changes in the plane. A lens that
has optical characteristics having a lenticular configuration is
formed in the liquid crystal optical apparatus 111.

In the refractive index distribution 31 that is formed, the
position of the central axis 59 corresponds to the position of
the lens center; and the positions of the first main electrode
11a and the second main electrode 1156 correspond to the
positions of the lens ends.

For example, in the liquid crystal optical apparatus 111, the
operating state in which the optical path is modified is formed
when the voltage is applied; and the operating state in which
the optical path is substantially not modified is obtained when
the voltage is not applied.

According to investigations of the inventor of the applica-
tion, it was found that reverse tilt, in which the tilt direction of
the liquid crystal reverses, occurs easily at the first electrodes
11 to which a high voltage is applied. The reverse tilt occurs
because an electric field of the reverse direction with respect
to the pretilt direction of the initial alignment of the liquid
crystal layer 30 is applied. The reverse tilt occurs easily in the
portion (a pretilt reverse side portion 11Q) of the first elec-
trode 11 on the —X direction side of the center of the first
electrode 11. On the other hand, the reverse tilt occurs easily
in the portion (a pretilt forward side portion 11P) of the first
electrode 11 on the +X direction side of the center of the first
electrode 11.

There is a tendency for the reverse tilt to increase in opera-
tions in which the voltage is applied. In the case where the
degree of the reverse tilt is pronounced, the alignment of the
liquid crystal becomes disordered; the desired refractive
index distribution 31 is not obtained; and the display quality
decreases.

For example, it was found that the reverse tilt occurs easily
in the case where the first sub electrode 12a and the second
sub electrode 125 are disposed symmetrically with respect to
the central axis 59 between the first main electrode 11a and
the second main electrode 115.

Conversely, it was found that the reverse tilt can be sup-
pressed by increasing the electric field density at the pretilt

5

10

15

20

25

30

35

40

45

50

55

60

65

8

reverse side portion 11Q of the first electrode 11 on the -X
direction side of the center of the first electrode 11 where the
reverse tilt occurs easily.

In other words, in the embodiment, the electric field density
at the pretilt reverse side portion 11Q of the first electrode 11
is caused to be higher than the electric field density at the
pretilt forward side portion 11P of the first electrode 11.

Inthe liquid crystal optical apparatus 111, the first distance
d11 along the +X direction between the first main electrode
11a and the first sub electrode 124 is set to be longer than the
second distance d12 along the +X direction between the sec-
ond main electrode 115 and the second sub electrode 124. In
other words, the disposition of the second electrodes 12 is
asymmetrical with respect to the central axis 59.

FIG. 3 is a schematic view illustrating characteristics of the
liquid crystal optical apparatus according to the first embodi-
ment.

FIG. 3 schematically illustrates the state of the lines of
electric force of a portion of the liquid crystal layer 30 of the
liquid crystal optical apparatus 111.

As illustrated in FIG. 3, the spacing between the lines of
electric force at the pretilt reverse side portion 11Q of the first
electrode 11 on the —X direction side of the center of the first
electrode 11 is narrower than the spacing between the lines of
electric force at the pretilt forward side portion 11P of the first
electrode 11 on the +X direction side of the center of the first
electrode 11. In other words, the electric field density at the
pretilt reverse side portion 11Q is higher than the electric field
density at the pretilt forward side portion 11P. This is because
the first distance d11 along the +X direction between the first
main electrode 11a and the first sub electrode 124 is longer
than the second distance d12 along the +X direction between
the second main electrode 115 and the second sub electrode
125.

Thus, in this embodiment, the control unit 77 causes the
electric field density on the portion (the pretilt reverse side
portion 11Q)) of the second main electrode 115 between the
center 1156C of the second main electrode 115 and an end
11be of the second main electrode 115 on the first main
electrode 11a side to be higher than the electric field density
onthe portion (the pretilt forward side portion 11P) of the first
main electrode 11a between the center 11aC of the first main
electrode 11a and an end 11ae of the first main electrode 11a
on the second main electrode 115 side.

Thus, by the electric field density being asymmetrical, the
occurrence of the reverse tilt at the pretilt reverse side portion
11Q canbe suppressed. Thereby, aliquid crystal optical appa-
ratus that provides a high-quality display is obtained.

For example, the first distance d11 is not less than 20 pm
and not more than 200 um. For example, the first distance d11
is not less than 1 times and not more than 10 times the
thickness (the length along the Z-axis direction) of the liquid
crystal layer 30. For example, the first distance d11 is not less
than 0.05 times and not more than 0.4 times the disposition
pitch of the first electrodes 11 (the distance between the center
11aC of the first main electrode 11a and the center 1156C of
the second main electrode 115).

For example, the second distance d12 is not less than 20 pm
and not more than 200 um. For example, the second distance
d12 is not less than 0.5 times and not more than 10 times the
thickness of the liquid crystal layer 30. For example, the
second distance d12 is not less than 0.05 times and not more
than 0.4 times the disposition pitch of the first electrodes 11.

For example, the absolute value of the difference between
the first distance d11 and the second distance d12 is not less
than 2 pm and not more than 20 pum. For example, the absolute
value of the difference between the first distance d11 and the
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second distance d12 is not less than 0.5 times and not more
than 1 times the thickness of the liquid crystal layer 30. For
example, the absolute value of the difference between the first
distance d11 and the second distance d12 is not less than
0.005 times and not more than 0.05 times the disposition pitch
of the first electrodes 11.

FIG. 4 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the first embodiment.

In the liquid crystal optical apparatus 112 according to the
embodiment as illustrated in FIG. 4, the first width w11 of'the
first sub electrode 12a along the +X direction is narrower than
the second width w12 of the second sub electrode 125 along
the +X direction. In this example, the first distance d11 is the
same as the second distance d12. Otherwise, the liquid crystal
optical apparatus 112 is the same as the liquid crystal optical
apparatus 111, and a description is therefore omitted.

In the liquid crystal optical apparatus 112 as well, the
electric field density at the pretilt reverse side portion 11Q can
be higher than the electric field density at the pretilt forward
side portion 11P. Thereby, a liquid crystal optical apparatus
that provides a high-quality display is obtained.

The first distance d11 may be different from the second
distance d12 while the first width with is different from the
second width w12.

In other words, the first substrate unit 10z may include at
least one selected from the second distance d12 along the +X
direction between the second main electrode 115 and the
second sub electrode 125 being shorter than the first distance
d11 along the +X direction between the first main electrode
114 and the first sub electrode 12a, and the second width w12
of'the second sub electrode 126 along the +X direction being
longer than the first width w11 of the first sub electrode 12a
along the +X direction. Thereby, the electric field density at
the pretilt reverse side portion 11Q can be higher than the
electric field density at the pretilt forward side portion 11P;
and the occurrence of the reverse tilt can be suppressed.
Thereby, a liquid crystal optical apparatus that provides a
high-quality display can be provided.

For example, the absolute value of the difference between
the first width w11 and the second width w12 is not less than
2 um and not more than 20 um. For example, the absolute
value of the difference between the first width w11 and the
second width w12 is not less than 0.1 times and not more than
1 times the thickness of the liquid crystal layer 30. For
example, the absolute value of the difference between the first
width w1l and the second width w12 is not less than 0.005
times and not more than 0.05 times the disposition pitch of the
first electrodes 11.

FIG. 5 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the first embodiment.

In the liquid crystal optical apparatus 113 according to the
embodiment as illustrated in FI1G. 5, the number ofthe second
electrodes 12 provided in the second region R2 is greater than
the number of the second electrodes 12 provided in the first
region R1. Otherwise, the liquid crystal optical apparatus 113
is the same as the liquid crystal optical apparatus 111, and a
description is therefore omitted.

Thus, the first substrate unit 10 may further include an
electrode 12ba provided on the first major surface 10a
between the central axis 59 and the second sub electrode 125
when projected onto the X-Y plane. The electrode 12ba
extends in the Y-axis direction.

In such a case as well, the first substrate unit 10« includes
at least one selected from the second distance d12 being
shorter than the first distance d11 and the second width w12
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being wider than the first width w11. Thereby, the occurrence
of the reverse tilt can be suppressed; and a liquid crystal
optical apparatus that provides a high-quality display can be
provided.

FIG. 6 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the first embodiment.

In the liquid crystal optical apparatus 114 according to the
embodiment as illustrated in FIG. 6, a third electrode 13 and
aninsulating layer 18 are further provided in the first substrate
unit 10« in addition to the first substrate 10, the first electrodes
11, and the second electrodes 12. Otherwise, the liquid crystal
optical apparatus 114 is the same as the liquid crystal optical
apparatus 111, and a description is therefore omitted.

In this example, at least a third sub electrode 134 and a
fourth sub electrode 135 are provided as the third electrode
13. At least a first region insulating layer 18« and a second
region insulating layer 186 are provided as the insulating
layer 18.

The third sub electrode 134 is provided on the first major
surface 10q in the first region R1. The first region insulating
layer 18a is provided between the first sub electrode 12a and
the third sub electrode 13a. The fourth sub electrode 135 is
provided on the first major surface 10q in the second region
R2. The second region insulating layer 185 is provided
between the second sub electrode 124 and the fourth sub
electrode 134. In this example, the second region insulating
layer 185 and the first region insulating layer 18a are continu-
ous. However, the embodiment is not limited thereto. The
second region insulating layer 185 and the first region insu-
lating layer 18a may be discontinuous.

The third sub electrode 13a and the fourth sub electrode
135 extend in the Y-axis direction.

The first sub electrode 12a has a first superimposed portion
12p overlaying the third sub electrode 13a and a first non-
superimposed portion 12¢ not overlaying the third sub elec-
trode 13a when projected onto the X-Y plane. The third sub
electrode 13a has a second superimposed portion 13p over-
laying the first sub electrode 12a and a second non-superim-
posed portion 13¢ not overlaying the first sub electrode 12a
when projected onto the X-Y plane.

The second sub electrode 125 has a third superimposed
portion 127 overlaying the fourth sub electrode 135 and a
third non-superimposed portion 125 not overlaying the fourth
sub electrode 135 when projected onto the X-Y plane. The
fourth sub electrode 135 has a fourth superimposed portion
137 overlaying the second sub electrode 125 and a fourth
non-superimposed portion 13s not overlaying the second sub
electrode 125 when projected onto the X-Y plane.

The first sub electrode 12a forms one electrode pair with
the third sub electrode 13a. The second sub electrode 124
forms one other electrode pair with the fourth sub electrode
13b.

For example, the control unit 77 applies the first voltage
between the opposing electrode 21 and the first electrodes 11
(e.g., the first main electrode 11a, the second main electrode
115, etc.) and applies the second voltage between the oppos-
ing electrode 21 and the second electrodes 12 (e.g., the first
sub electrode 12a, the second sub electrode 124, etc.). The
control unit 77 applies a third voltage between the opposing
electrode 21 and the third electrodes 13 (e.g., the third sub
electrode 13a, the fourth sub electrode 134, etc.). For
example, the absolute value (or the effective value) of the first
voltage is greater than the absolute value (or the effective
value) of the third voltage. The absolute value (or the effective



US 9,188,815 B2

11

value) of the second voltage is greater than the absolute value
(or the effective value) of the third voltage. For example, the
third voltage is zero volts.

A case where such voltages are applied is as follows. The
refractive index is low in the region where the first electrode
11 opposes the opposing electrode 21. The refractive index is
low in the region where the first non-superimposed portion
124 opposes the opposing electrode 21 and the region where
the third non-superimposed portion 12s opposes the opposing
electrode 21. The refractive index is high in the region where
the second non-superimposed portion 13¢ opposes the oppos-
ing electrode 21 and the region where the fourth non-super-
imposed portion 13s opposes the opposing electrode 21. By
providing the electrode pairs, the refractive index changes
steeply at the boundary between the first non-superimposed
portion 12¢4 and the second non-superimposed portion 13¢
and at the boundary between the third non-superimposed
portion 12s and the fourth non-superimposed portion 13s.
Thereby, the lens characteristics improve based on the refrac-
tive index distribution 31 that is formed; and, for example,
stray light can be suppressed. Thereby, crosstalk can be
reduced further.

In this example as well, the first substrate unit 10« includes
at least one selected from the second distance d12 being
shorter than the first distance d11 and the second width w12
being wider than the first width w11. Thereby, the occurrence
of the reverse tilt can be suppressed; and a liquid crystal
optical apparatus that provides a high-quality display can be
provided.

Second Embodiment

FIG. 7 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a second embodiment.

As illustrated in FIG. 7, the liquid crystal optical apparatus
115 according to this embodiment includes the first substrate
unit 10#, the second substrate unit 20«, and the liquid crystal
layer 30. In the liquid crystal optical apparatus 115, the con-
figuration of the first substrate unit 10u differs from that of the
liquid crystal optical apparatus 111. Otherwise, the liquid
crystal optical apparatus 115 is similar to the liquid crystal
optical apparatus 111, and a description is therefore omitted.
The first substrate unit 10« of the liquid crystal optical appa-
ratus 115 will now be described.

In this case as well, the first substrate unit 10« includes the
multiple first electrodes 11, the multiple second electrodes
12, and the first substrate 10 which has the first major surface
10a. Each of the multiple first electrodes 11 is provided on the
first major surface 10a to extend in the first direction (the
Y-axis direction). The multiple first electrodes 11 are
arranged in a direction (in this example, the X-axis direction)
that intersects the Y-axis direction. Each of the multiple sec-
ond electrodes 12 is provided between the multiple first elec-
trodes 11. The second electrodes 12 extend in the Y-axis
direction.

In this example, a lens center electrode 12c¢ is provided as
the second electrode 12. The lens center electrode 12¢ over-
lays the central axis 59 when projected onto the X-Y plane.
The central axis 59 is the center between the center 11aC of
the first main electrode 11a which is the one of the most
proximal first electrodes 11 and the center 1156C of the second
main electrode 115 which is the other of the most proximal
first electrodes 11.

Insuchacaseaswell, the liquid crystal layer 30 has a pretilt
in which the director of the liquid crystal is oriented from the
first substrate unit 10« toward the second substrate unit 20«
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along the +X direction from the first main electrode 11a
toward the second main electrode 115.

In the region of the liquid crystal optical apparatus 115
between the first main electrode 11a and the second main
electrode 115, the distance (a first lens center distance d11¢)
along the +X direction between the first main electrode 11a
and the second electrode 12 (the lens center electrode 12¢) is
longer than the distance (a second lens center distance d12¢)
along the +X direction between the second main electrode
115 and the second electrode 12 (the lens center electrode
12¢).

In other words, in the liquid crystal optical apparatus 115,
the second electrode 12 (e.g., the lens center electrode 12¢) is
disposed asymmetrically with respect to the central axis 59.
Thereby, an asymmetrical electric field distribution is formed
when the control unit 77 applies the voltages to the electrodes.

In other words, the electric field density on the pretilt
reverse side portion 11Q of the second main electrode 115 is
higher than the electric field density on the pretilt forward side
portion 11P of the first main electrode 11a. Thereby, the
reverse tilt on the pretilt reverse side portion 11Q can be
suppressed. Thereby, a liquid crystal optical apparatus that
provides a high-quality display is obtained.

The liquid crystal optical apparatuses 111 to 114 described
above may further include the second electrode 12 (e.g., the
lens center electrode 12¢) that overlays the central axis 59
when projected onto the X-Y plane.

Third Embodiment

FIG. 8 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a third embodiment.

As illustrated in FIG. 8, the liquid crystal optical apparatus
121 according to this embodiment includes the first substrate
unit 10#, the second substrate unit 20«, and the liquid crystal
layer 30.

In such a case as well, the first substrate unit 10« includes
the multiple first electrodes 11, the multiple second electrodes
12, and the first substrate 10 which has the first major surface
10a. Each of the multiple first electrodes 11 is provided on the
first major surface 10a to extend in the first direction (the
Y-axis direction). The multiple first electrodes 11 are
arranged in a direction (in this example, the X-axis direction)
that intersects the Y-axis direction. Each of the multiple sec-
ond electrodes 12 is provided between the multiple first elec-
trodes 11. The second electrodes 12 extend in the Y-axis
direction.

Inthis example, the first substrate unit 10« further includes
the multiple second electrodes 12. Each of the multiple sec-
ond electrodes 12 is provided between the multiple first elec-
trodes 11. The second electrodes 12 extend in the Y-axis
direction. In this example, the lens center electrode 12c¢ is
provided as the second electrode 12. The lens center electrode
12¢ overlays the central axis 59 when projected onto the X-Y
plane. The second electrodes 12 may be provided if necessary
and may be omitted.

The second substrate unit 20« includes the second sub-
strate 20 and the opposing electrode 21. The second substrate
20 has the second major surface 20a opposing the first major
surface 10a.

The opposing electrode 21 is provided on the second major
surface 20qa to overlay the multiple first electrodes 11 when
projected onto a plane (the X-Y plane) parallel to the first
major surface 10a. The opposing electrode 21 includes a first
slit s1 and a second slit s2.
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The first slit s1 is provided in the first region R1 between
the central axis 59 and the first main electrode 11a when
projected onto the X-Y plane. The first slit s1 extends in the
Y-axis direction. The first slit and the central axis 59 are
parallel to the Y-axis direction to pass through the midpoint of
a line segment connecting the X-axis direction (the second
direction which is parallel to the first major surface 10a and
perpendicular to the Y-axis direction) center 11aC of one
electrode (the first main electrode 11a) of the most proximal
first electrodes 11 to the X-axis direction center 115C of the
other electrode (the second main electrode 115) of the most
proximal first electrodes 11 when projected onto the X-Y
plane.

The second slit s2 is provided in the second region between
the central axis 59 and the second main electrode 115 when
projected onto the X-Y plane. The second slit s2 extends in
the Y-axis direction.

The liquid crystal layer 30 is provided between the first
substrate unit 10# and the second substrate unit 20u. The
liquid crystal layer 30 has a pretilt in which the director 304 of
the liquid crystal is oriented from the first substrate unit 10«
toward the second substrate unit 20« along the +X direction
(the second direction) from the first main electrode 11a
toward the second main electrode 115.

In the liquid crystal optical apparatus 121, the distance (a
first slit distance d21) along the +X direction between the first
main electrode 11a and the first slit s1 is shorter than the
distance (a second slit distance d22) along the +X direction
between the second main electrode 115 and the second slit s2
when projected onto the X-Y plane.

In this example, the width (a first slit width w21) of the first
slit Si along the +X direction is the same as the width (a
second slit width w22) of the second slit s2 along the +X
direction. As described below, the first slit width w21 may be
wider than the second slit width w22.

In other words, in the liquid crystal optical apparatus 121,
the slits are disposed to be shifted in X-axis direction from the
first electrodes 11. Thus, by asymmetrically providing the
slits, asymmetry is provided to the electric field density.
Thereby, an asymmetrical electric field distribution is formed
when the control unit 77 applies the voltages to the electrodes.

In other words, the electric field density on the pretilt
reverse side portion 11Q of the second main electrode 115 is
higher than the electric field density on the pretilt forward side
portion 11P of the first main electrode 11a. Thereby, the
reverse tilt on the pretilt reverse side portion 11Q can be
suppressed. Thereby, a liquid crystal optical apparatus that
provides a high-quality display is obtained.

For example, the first slit distance d21 is not less than 20
um and not more than 200 um. For example, the first slit
distance d21 is not less than 0.5 times and not more than 10
times the thickness (the length along the Z-axis direction) of
the liquid crystal layer 30. For example, the second slit dis-
tance d22 is not less than 0.05 times and not more than 0.4
times the disposition pitch of the first electrodes 11.

For example, the second slit distance d22 is not less than 20
um and not more than 200 uM. For example, the second slit
distance d22 is not less than 0.5 times and not more than 10
times the thickness of the liquid crystal layer 30. For example,
the second slit distance d22 is not less than 0.05 times and not
more than 0.4 times the disposition pitch of the first electrodes
11.

For example, the absolute value of the difference between
the first slit distance d21 and the second slit distance d22 is not
less than 2 um and not more than 20 um. For example, the
absolute value of the difference between the first slit distance
d21 and the second slit distance d22 is not less than 0.1 times
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and not more than 1 times the thickness of the liquid crystal
layer 30. For example, the absolute value of the difference
between the first slit distance d21 and the second slit distance
d22 is not less than 0.005 times and not more than 0.05 times
the disposition pitch of the first electrodes 11.

FIG. 9 is a schematic cross-sectional view illustrating the
configuration of another liquid crystal optical apparatus
according to the third embodiment.

In the liquid crystal optical apparatus 122 according to the
embodiment as illustrated in FIG. 9, the width (the first slit
width w21) of the first slit s1 along the +X direction is wider
than the width (the second slit width w22) ofthe second slit s2
along the +X direction. In this example, the first slit distance
d21 is the same as the second slit distance d22. Otherwise, the
liquid crystal optical apparatus 122 is the same as the liquid
crystal optical apparatus 121, and a description is therefore
omitted.

In the liquid crystal optical apparatus 122 as well, the
electric field density at the pretilt reverse side portion 11Q can
be higher than the electric field density at the pretilt forward
side portion 11P. Thereby, a liquid crystal optical apparatus
that provides a high-quality display is obtained.

For example, the absolute value of the difference between
the first slit width w21 and the second slit width w22 is not
less than 2 um and not more than 20 um. For example, the
absolute value of the difference between the first slit width
w21 and the second slit width w22 is not less than 0.1 times
and not more than 1 times the thickness of the liquid crystal
layer 30. For example, the absolute value of the difference
between the first slit width w21 and the second slit width w22
is not less than 0.005 times and not more than 0.05 times the
disposition pitch of the first electrodes 11.

The first slit distance d21 may be different from the second
slit distance d22 while the first slit width w21 is different from
the second slit width w22.

In other words, the second substrate unit 20% may include
atleast one selected from the distance (the second slit distance
d22) along the +X direction between the second main elec-
trode 115 and the second slit s2 being longer than the distance
(the first slit distance d21) along the +X direction between the
first main electrode 11a and the first slit s1 when projected
onto the X-Y plane, and the width (the second slit width) of
the second slit s2 along the +X direction being narrower than
the width (the first slit width w21) of the first slit s1 along the
+X direction when projected onto the X-Y plane. Thereby, the
electric field density at the pretilt reverse side portion 11Q can
be higher than the electric field density at the pretilt forward
side portion 11P. Thereby, a liquid crystal optical apparatus
that provides a high-quality display is obtained.

Inthe description recited above, the first slit distance d21 is
determined relative to the second slit distance d22. For
example, the first slit distance d21 may be defined as the
distance along the +X direction between the +X direction
center of the first slit s1 and the +X direction center 11aC of
the first main electrode 11a. In such a case, the second slit
distance d22 is the distance along the +X direction between
the +X direction center of the second slit s2 and the +X
direction center 115C of the second main electrode 115.

Fourth Embodiment

FIG. 10 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a fourth embodiment.
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As illustrated in FIG. 10, the liquid crystal optical appara-
tus 123 according to this embodiment includes the first sub-
strate unit 10u, the second substrate unit 20w, and the liquid
crystal layer 30.

The first substrate unit 10« includes the multiple first elec-
trodes 11 and the first substrate 10 which has the first major
surface 10a. Each of the multiple first electrodes 11 is pro-
vided on the first major surface 10a to extend in the first
direction (the Y-axis direction). The multiple first electrodes
11 are arranged in a direction that intersects the Y-axis direc-
tion. In this example, the multiple first electrodes 11 are
arranged in the X-axis direction. The first substrate unit 10«
may further include the second electrode 12.

The second substrate unit 20« includes the second sub-
strate 20 and the opposing electrode 21. The second substrate
20 has the second major surface 20a opposing the first major
surface 10a. The opposing electrode 21 is provided on the
second major surface 20a. The opposing electrode 21 over-
lays the multiple first electrodes 11 when projected onto the
X-Y plane (the plane parallel to the first major surface 10a).
The opposing electrode 21 has a slit s0. The slit s0 extends in
the Y-axis direction.

The liquid crystal layer 30 is provided between the first
substrate unit 10# and the second substrate unit 20u. The
liquid crystal layer 30 has a pretilt in which the director 304 of
the liquid crystal is oriented from the first substrate unit 10«
toward the second substrate unit 20x along the second direc-
tion (the +X direction) from the one electrode (the first main
electrode 11a) of the most proximal first electrodes 11 toward
the other electrode (the second main electrode 115) of the
most proximal first electrodes 11.

The distance (the first slit distance d21) along the +X
direction between the first main electrode 11a and the slit s0
when projected onto the X-Y plane is shorter than the distance
(the second slit distance d22) along the +X direction between
the second main electrode 115 and the slit s0 when projected
onto the X-Y plane.

Thereby, the electric field density at the pretilt reverse side
portion 11Q can be higher than the electric field density at the
pretilt forward side portion 11P. Thereby, a liquid crystal
optical apparatus that provides a high-quality display is
obtained.

Fifth Embodiment

FIG. 11 is a schematic cross-sectional view illustrating the
configuration of a liquid crystal optical apparatus according
to a fifth embodiment.

As illustrated in FIG. 11, the liquid crystal optical appara-
tus 131 according to this embodiment includes the first sub-
strate unit 10w, the second substrate unit 20w, the liquid crys-
tal layer 30, and the control unit 77.

The first substrate unit 10« includes the multiple first elec-
trodes 11, the multiple second electrodes 12 (e.g., the first sub
electrode 12a and the second sub electrode 125), and the first
substrate 10 which has the first major surface 10a.

Each of the multiple first electrodes 11 is provided on the
first major surface 10a to extend in the first direction (the
Y-axis direction). The multiple first electrodes are arranged in
a direction that intersects the Y-axis direction.

The first sub electrode 12a is provided on the first major
surface 10a. The first sub electrode 12a is provided in the first
region R1 between the central axis 59 and the first main
electrode 11a. The central axis 59 is parallel to the Y-axis
direction to pass through the midpoint of a line segment
connecting the second direction (the +X direction) center
11aC of the one electrode (the first sub electrode 12a) of the
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most proximal first electrodes 11 to the +X direction center
115C of'the other electrode (the second sub electrode 125) of
the most proximal first electrodes 11 when projected onto a
plane (the X-Y plane) parallel to the first major surface 10a,
where the second direction (the +X direction) is parallel to the
X-Y plane and perpendicular to the Y-axis direction.

The second sub electrode 125 is provided on the first major
surface 10q in the second region R2 between the central axis
59 and the second sub electrode 125 when projected onto the
X-Y plane. The second sub electrode 126 extends in the
Y-axis direction.

The second substrate unit 20« includes the second sub-
strate which has the second major surface 20qa that opposes
the first major surface 10a, and the opposing electrode 21
provided on the second major surface 20a.

The liquid crystal layer 30 is provided between the first
substrate unit 10# and the second substrate unit 20z. The
liquid crystal layer 30 has a pretilt in which the director 304 of
the liquid crystal is oriented from the first substrate unit 10«
toward the second substrate unit 20u along the second direc-
tion (the +X direction) from the first main electrode 11a
toward the second main electrode 115.

The control unit 77 is electrically connected to the first
electrodes 11, the first sub electrode 12a, the second sub
electrode 124, and the opposing electrode 21. For easier view-
ing of the drawings, the interconnect between the control unit
77 and the first sub electrode 12a and the interconnect
between the control unit 77 and the second sub electrode 124
are not illustrated.

The control unit 77 causes the potential of the first sub
electrode 124 to be different from the potential of the second
sub electrode 124. Thereby, the electric field density at the
region adjacent to the first sub electrode 12a is different from
the electric field density at the region adjacent to the second
sub electrode 125.

In such a case, the disposition of the electrodes may be
symmetric. An asymmetrical electric field distribution can be
formed by applying asymmetrical voltages.

Thereby, the electric field density on the pretilt reverse side
portion 11Q of the second main electrode 115 is caused to be
higher than the electric field density on the pretilt forward side
portion 11P of the first main electrode 11a. Thereby, the
reverse tilt on the pretilt reverse side portion 11Q can be
suppressed. Thereby, a liquid crystal optical apparatus that
provides a high-quality display is obtained.

Also, in the liquid crystal optical apparatus 131, the dispo-
sition of the electrodes may be asymmetrical. In other words,
the first to fourth embodiments are applicable to the fifth
embodiment. Thereby, the electric field density also can be
asymmetrical; and the reverse tilt can be suppressed more
easily.

The liquid crystal optical apparatus 131 may further
include the second electrode 12 (e.g., the lens center electrode
12¢) that overlays the central axis 59 when projected onto the
X-Y plane.

An image display device that includes the image display
unit 80, the liquid crystal optical apparatuses 111 to 115, 121
to 123, and 131, and liquid crystal optical apparatuses of
modifications of the liquid crystal optical apparatuses 111 to
115,121 t0 123, and 131 can be formed. According to such an
image display device, an image display device that provides a
high-quality display can be provided.

The embodiments may have the following configurations.
Configuration 1

A liquid crystal optical apparatus, comprising:

a first substrate unit including

a first substrate having a first major surface,
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multiple first electrodes provided on the first major surface
to extend in a first direction, the multiple first electrodes
being arranged in a direction that intersects the first
direction, and

multiple second electrodes provided between the multiple
first electrodes to extend in the first direction;

a second substrate unit including

a second substrate having a second major surface opposing
the first major surface, and

an opposing electrode provided on the second major sur-
face; and

a liquid crystal layer provided between the first substrate
unit and the second substrate unit, the liquid crystal layer
having a pretiltincluding a director of a liquid crystal oriented
from the first substrate unit toward the second substrate unit
along a second direction from the one electrode toward the
other electrode,

a distance along the second direction between the one
electrode and the second electrode being longer than a dis-
tance along the second direction between the other electrode
and the second electrode in a region between the one elec-
trode and the other electrode.

Configuration 2

A liquid crystal optical apparatus, comprising:

a first substrate unit including

a first substrate having a first major surface, and

multiple first electrodes provided on the first major surface
to extend in the first direction, the multiple first elec-
trodes being arranged in a direction that intersects the
first direction;

a second substrate unit including

a second substrate having a second major surface opposing
the first major surface, and

an opposing electrode provided on the second major sur-
face to overlay the multiple first electrodes when pro-
jected onto a plane parallel to the first major surface, the
opposing electrode having a first slit provided in a first
region between a central axis and one electrode of most
proximal first electrodes to extend in the first direction
when projected onto the plane parallel to the first major
surface, the opposing electrode having a second slit pro-
vided in a second region between the central axis and the
other electrode to extend in the first direction when
projected onto the plane, the central axis being parallel
to the first direction to pass through a midpoint of a line
segment connecting a second-direction center of the one
electrode to a second-direction center of the other elec-
trode of the most proximal first electrodes, the second
direction being parallel to the first major surface and
perpendicular to the first direction; and

a liquid crystal layer provided between the first substrate
unit and the second substrate unit, the liquid crystal layer
having a pretiltincluding a director of a liquid crystal oriented
from the first substrate unit toward the second substrate unit
along the second direction from the one electrode toward the
other electrode,

the second substrate unit including at least one selected
from:

a distance along the second direction between the other
electrode and the second slit being longer than a distance
along the second direction between the one electrode
and the first slit when projected onto the plane; and

a width of the second slit along the second direction being
narrower than a width of the first slit along the second
direction when projected onto the plane.
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Configuration 3

A liquid crystal optical apparatus, comprising:

a first substrate unit including

a first substrate having a first major surface, and

multiple first electrodes provided on the first major surface
to extend in the first direction, the multiple first elec-
trodes being arranged in a direction that intersects the
first direction;

a second substrate unit including

a second substrate having a second major surface opposing
the first major surface; and

an opposing electrode provided on the second major sur-
face to overlay the multiple first electrodes when pro-
jected onto a plane parallel to the first major surface, the
opposing electrode having a slit extending in the first
direction; and

a liquid crystal layer provided between the first substrate
unit and the second substrate unit, the liquid crystal layer
having a pretiltincluding a director of'a liquid crystal oriented
from the first substrate unit toward the second substrate unit
along a second direction from one electrode of most proximal
first electrodes toward the other electrode of the most proxi-
mal first electrodes,

a distance along the second direction between the one
electrode and the slit when projected onto the plane being
shorter than a distance along the second direction between the
other one electrode and the slit when projected onto the plane.
Configuration 4

A liquid crystal optical apparatus, comprising:

a first substrate unit including

a first substrate having a first major surface,

multiple first electrodes provided on the first major surface
to extend in the first direction, the multiple first elec-
trodes being arranged in a direction that intersects the
first direction,

a first sub electrode provided on the first major surface to
extend in the first direction in a first region between a
central axis and one electrode of most proximal first
electrodes when projected onto a plane parallel to the
first major surface, the central axis being parallel to the
first direction to pass through a midpoint of a line seg-
ment connecting a second-direction center of the one
electrode to a second-direction center of the other elec-
trode of the most proximal first electrodes, the second
direction being parallel to the plane and perpendicular to
the first direction, and

a second sub electrode provided on the first major surface
to extend in the first direction in a second region between
the central axis and the other electrode when projected
onto the plane;

a second substrate unit including

a second substrate having a second major surface opposing
the first major surface, and

an opposing electrode provided on the second major sur-
face;

a liquid crystal layer provided between the first substrate
unit and the second substrate unit, the liquid crystal layer
having a pretiltincluding a director of'a liquid crystal oriented
from the first substrate unit toward the second substrate unit
along the second direction from the one electrode toward the
other electrode; and

a control unit, the control unit being electrically connected
to the first electrodes, the first sub electrode, the second sub
electrode, and the opposing electrode,

the control unit being configured to cause an electric field
density on a portion of the other electrode between the center
of'the other electrode and an end of the other electrode on the
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one electrode side to be higher than an electric field density on
a portion of the one electrode between the center of the one
electrode and an end of the one electrode on the other elec-
trode side.

Configuration 5

An image display device, comprising:

the liquid crystal optical apparatus according to any one of
configurations 1-4 recited above; and

an image display unit stacked with the liquid crystal optical
apparatus, the image display unit including a display unit
configured to cause light including image information to be
incident on the liquid crystal layer.

According to the embodiments, a liquid crystal optical
apparatus and an image display device that provide a high-
quality display can be provided.

In the specification of the application, “perpendicular” and
“parallel” refer to not only strictly perpendicular and strictly
parallel but also include, for example, the fluctuation due to
manufacturing processes, etc. It is sufficient to be substan-
tially perpendicular and substantially parallel.

Hereinabove, exemplary embodiments of the invention are
described with reference to specific examples. However, the
invention is not limited to these specific examples. For
example, one skilled in the art may similarly practice the
invention by appropriately selecting specific configurations
of components included in liquid crystal optical apparatuses
such as first substrate units, second substrate units, liquid
crystal layers, first substrates, second substrates, first elec-
trodes, first main electrodes, second main electrodes, second
electrodes, first sub electrodes, second sub electrodes, lens
center electrodes, opposing electrodes, slits, insulating lay-
ers, and control units and specific configurations of compo-
nents included in image display devices such as display units,
display control units, etc., from known art; and such practice
is included in the scope of the invention to the extent that
similar effects are obtained.

Further, any two or more components of the specific
examples may be combined within the extent of technical
feasibility and are included in the scope of the invention to the
extent that the purport of the invention is included.

Moreover, all liquid crystal optical apparatuses and image
display devices practicable by an appropriate design modifi-
cation by one skilled in the art based on the liquid crystal
optical apparatuses and the image display devices described
above as embodiments of the invention also are within the
scope of the invention to the extent that the spirit of the
invention is included.

Various other variations and meodifications can be con-
ceived by those skilled in the art within the spirit of the
invention, and it is understood that such variations and modi-
fications are also encompassed within the scope of the inven-
tion.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the invention.

What is claimed is:
1. A liquid crystal optical apparatus, comprising:
a first substrate unit including
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a first substrate having a first major surface,

a plurality of first electrodes provided on the first major
surface to extend in a first direction, the first elec-
trodes being arranged in a direction intersecting the
first direction,

afirst sub electrode provided on the first major surface to
extend in the first direction in a first region between a
central axis and one electrode of most proximal first
electrodes when projected onto a plane parallel to the
first major surface, the central axis being parallel to
the first direction to pass through a midpoint of a line
segment connecting a center of the one electrode and
a center of the other electrode of the most proximal
first electrodes along a second direction being parallel
to the plane and perpendicular to the first direction,
and

a second sub electrode provided on the first major sur-
face to extend in the first direction in a second region
between the central axis and the other electrode when
projected onto the plane;

a second substrate unit including

a second substrate having a second major surface oppos-
ing the first major surface, and

an opposing electrode provided on the second major
surface; and

a liquid crystal layer provided between the first substrate

unit and the second substrate unit, the liquid crystal layer
having a pretilt including a director of a liquid crystal
oriented from the first substrate unit toward the second
substrate unit along the second direction from the one
electrode toward the other electrode,

the first substrate unit including at least one selected from:

a first distance along the second direction between the
one electrode and the first sub electrode being longer
than a second distance along the second direction
between the other electrode and the second sub elec-
trode; and

a first width of the first sub electrode along the second
direction being narrower than a second width of the
second sub electrode along the second direction.

2. The apparatus according to claim 1, wherein the first
substrate unit further includes an electrode provided on the
first major surface to extend in the first direction between the
central axis and the second sub electrode when projected onto
the plane.

3. The apparatus according to claim 1, wherein:

the first substrate unit further includes

a third sub electrode provided on the first major surface,

a first region insulating layer provided between the first
sub electrode and the third sub electrode,

a fourth sub electrode provided on the first major sur-
face, and

a second region insulating layer provided between the
second sub electrode and the fourth sub electrode;

the first sub electrode has a first superimposed portion

overlaying the third sub electrode and a first non-super-
imposed portion not overlaying the third sub electrode
when projected onto the plane;

the third sub electrode has a second superimposed portion

overlaying the first sub electrode and a second non-

superimposed portion not overlaying the first sub elec-
trode when projected onto the plane;

the second sub electrode has a third superimposed portion

overlaying the fourth sub electrode and a third non-

superimposed portion not overlaying the fourth sub
electrode when projected onto the plane; and
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the fourth sub electrode has a fourth superimposed portion
overlaying the second sub electrode and a fourth non-
superimposed portion not overlaying the second sub
electrode when projected onto the plane.

4. The apparatus according to claim 3, further comprising
a control unit configured

to apply a first voltage between the opposing electrode and

the first electrodes,

to apply a second voltage between the first sub electrode

and the opposing electrode and between second sub
electrode and the opposing electrode, and

to apply a third voltage between the third sub electrode and

the opposing electrode and between the fourth sub elec-
trode and the opposing electrode,

an absolute value of the first voltage being greater than an

absolute value of the third voltage, and an absolute value
of the second voltage being greater than the absolute
value of the third voltage.

5. The apparatus according to claim 1, further comprising
a control unit, the control unit being electrically connected to
the first electrodes, the first sub electrode, the second sub
electrode, and the opposing electrode,

the control unit being configured to cause an electric field

density on a portion of the other electrode between the
center of the other electrode and an end of the other
electrode on the one electrode side to be higher than an
electric field density on a portion of the one electrode
between the center of the one electrode and an end of the
one electrode on the other electrode side.

6. The apparatus according to claim 5, wherein the control
unit is configured

to apply a first voltage between the opposing electrode and

the first electrodes, and

to apply a second voltage between the first sub electrode

and the opposing electrode and between second sub
electrode and the opposing electrode.

7. The apparatus according to claim 1, wherein

the first electrodes, the second electrodes, and the opposing

electrode include an oxide including at least one of ele-
ment selected from the group consisting of In, Sn, Zn,
and Ti.

8. The apparatus according to claim 1, wherein

a liquid crystal included in the liquid crystal layer has a

positive dielectric anisotropy, and

an initial alignment of the liquid crystal is a horizontal

alignment.

9. The apparatus according to claim 1, wherein

a liquid crystal included in the liquid crystal layer has a

negative dielectric anisotropy, and

an initial alignment of the liquid crystal is a vertical align-

ment.

10. The apparatus according to claim 1, wherein

the first distance is not less than 1 times and not more than

10 times a thickness of the liquid crystal layer, and

the second distance is not less than 0.5 times and not more

than 10 times the thickness of the liquid crystal layer.

11. The apparatus according to claim 1, wherein

an absolute value of difference between the first distance

and the second distance is not less than 2 pm and not
more than 20 pm.

12. The apparatus according to claim 1, wherein

an absolute value of difference between the first distance

and the second distance is not less than 0.5 times and not
more than 10 times a thickness of the liquid crystal layer.

10

15

20

25

30

35

40

45

50

55

60

65

22

13. The apparatus according to claim 1, wherein

an absolute value of difference between the first distance
and the second distance is not less than 2 pm and not
more than 20 pm.

14. The apparatus according to claim 1, wherein

an absolute value of difference between the first distance
and the second distance is not less than 0.1 times and not
more than 1 times a thickness of the liquid crystal layer.

15. A liquid crystal optical apparatus, comprising:

a first substrate unit including
a first substrate having a first major surface,

a plurality of first electrodes provided on the first major
surface to extend in a first direction, the first elec-
trodes being arranged in a direction that intersects the
first direction, and

a plurality of second electrodes provided between the
first electrodes to extend in the first direction;

a second substrate unit including
a second substrate having a second major surface oppos-

ing the first major surface, and

an opposing electrode provided on the second major
surface; and

a liquid crystal layer provided between the first substrate
unit and the second substrate unit, the liquid crystal layer
having a pretilt including a director of a liquid crystal
oriented from the first substrate unit toward the second
substrate unit along a second direction from the one
electrode toward the other electrode, the second direc-
tion being parallel to the first major surface and perpen-
dicular to the first direction,

a distance along the second direction between the one
electrode and the second electrode being longer than a
distance along the second direction between the other
electrode and the second electrode in a region between
the one electrode and the other electrode, wherein

the opposing electrode overlays the first electrodes when
projected onto a plane parallel to the first major surface,

the opposing electrode has a first slit provided in a first
region between a central axis and one electrode of most
proximal first electrodes to extend in the first direction
when projected onto the plane parallel to the first major
surface, the opposing electrode having a second slit pro-
vided in a second region between the central axis and the
other electrode to extend in the first direction when
projected onto the plane, the central axis being parallel
to the first direction to pass through a midpoint of a line

segment connecting a center of the one electrode to a

center of the other electrode of the most proximal first

electrodes, and

the second substrate unit including at least one selected
from:

a first slit distance along the second direction between
the one electrode and the first slit being shorter than a
second slit distance along the second direction
between the other electrode and the second slit when
projected onto the plane; and

a first slit width of the first slit along the second direction
being wider than a second width of the second slit
along the second direction when projected onto the
plane.

16. The apparatus according to claim 15, wherein

the first slit distance is not less than 1 times and not more
than 10 times a thickness of the liquid crystal layer, and

the second slit distance is not less than 0.5 times and not
more than 10 times the thickness of the liquid crystal
layer.
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17. The apparatus according to claim 15, wherein

an absolute value of difference between the first slit dis-
tance and the second slit distance is not less than 0.1
times and not more than 1 times a thickness of the liquid
crystal layer.

18. The apparatus according to claim 15, wherein

an absolute value of difference between the first slit width
and the second slit width is not less than 0.1 times and
not more than 1 times a thickness of the liquid crystal
layer.

19. An image display device, comprising:

a liquid crystal optical apparatus, including:
a first substrate unit including

a first substrate having a first major surface,

a plurality of first electrodes provided on the first
major surface to extend in a first direction, the first
electrodes being arranged in a direction intersect-
ing the first direction,

afirst sub electrode provided on the first major surface
to extend in the first direction in a first region
between a central axis and one electrode of most
proximal first electrodes when projected onto a
plane parallel to the first major surface, the central
axis being parallel to the first direction to pass
through a midpoint of a line segment connecting a
center of the one electrode and a center of the other
electrode of the most proximal first electrodes
along a second direction being parallel to the plane
and perpendicular to the first direction, and

a second sub electrode provided on the first major
surface to extend in the first direction in a second
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region between the central axis and the other elec-
trode when projected onto the plane;

a second substrate unit including

a second substrate having a second major surface
opposing the first major surface, and
an opposing electrode provided on the second major
surface; and
aliquid crystal layer provided between the first substrate
unit and the second substrate unit, the liquid crystal
layer having a pretilt including a director of a liquid
crystal oriented from the first substrate unit toward the
second substrate unit along the second direction from
the one electrode toward the other electrode,
the first substrate unit including at least one selected
from:
afirst distance along the second direction between the
one electrode and the first sub electrode being
longer than a second distance along the second
direction between the other electrode and the sec-
ond sub electrode; and
a first width of the first sub electrode along the second
direction being narrower than a second width ofthe
second sub electrode along the second direction;
and
an image display unit stacked with the liquid crystal optical
apparatus, the image display unit including a display
unit configured to cause light including image informa-
tion to be incident on the liquid crystal layer.
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